Light microscopic neuronal changes were studied in rats subjected to 10 min of global ischemia produced by compression of the major cardiac vessels. Observations of cresyl violet-stained sections revealed early changes involving predominantly GABAergic neu rons in various locations. In rats killed 15 min after recir culation, the changes were characterized by the appear ance of a clear peripheral zone with condensation of the remaining neuronal cytoplasm. After 1 h, these zones ap peared to be compartmentalized into individual pearl-like vacuoles, especially prominent in the nucleus reticularis thalami. After 3 h, the cytoplasmic vacuoles disappeared and the neuronal changes, particularly in the cerebral cor tex, striatum, hippocampus, and pars reticulata of the Abbreviations used: NCA, nucleus centralis amygdalae; NMOT, nucleus dorsalis medialis thalami; NRT, nucleus retic ularis thalami; PRSN, pars reticulata of substantia nigra.
Global cerebral ischemia, an important clinical condition in view of increasing progress in resusci tation of cardiac arrest, has some distinct patho physiological features, which may be related to damage to other body organs and release from them of some toxic substances, while other toxic com pounds may enter from ischemically injured intes tines (Safar, 1986) . The pattern of ischemic brain injury in complete and repetitive ischemia appears to differ from that which follows incomplete isch emia due to single arterial occlusions Ross and Duhaime, 1989; Ikeda et aI., 1990; Nagashima et aI., 1990) , the main im pact of injury in the early stages being shifted from the CA 1 sector of the hippocampus to the subcor-substantia nigra, consisted mainly of hyperchromasia or loss of Nissl substance. After 2 days, the cerebral cortex and thalamus contained occasional neurons with conspic uously large nucleoli. After 7 days, the hippocampus re vealed an approximately 50% loss of CAl pyramidal neu rons, associated with intense microglial reactivity in the stratum radiatum, whereas the neuronal destruction was more complete in the nucleus reticularis thalami. Our ob servations suggest a possibility that early changes in GABAergic neurons may provide a period of neuronal disinhibition and thus contribute to an excitatory isch emic damage in regions connected by GABAergic cir cuitry. Key Words: Global cerebral ischemia-Cardiac ar rest-GABAergic neurons. tical regions, with particular involvement of the nu cleus reticularis thalami (NRT). It is generally rec ognized that these different patterns of ischemic brain injury appear to be determined to a consider able degree after recirculation and this may provide a window of opportunity to influence various patho genic factors operative after ischemia has occurred. Some of the most intriguing features of postisch emic pathophysiology have been selective neuronal vulnerability and delayed neuronal death, described primarily in the hippocampus (Ito et aI., 1975; Kirino, 1982; Kirino et aI. , 1984) . In recent years, there has been accumulating evidence that neuroex citatory mechanisms may play a significant role in both of these phenomena and may effect changes also in remote regions related by transmitter cir cuitry (Ikeda et aI., 1990; Tamura et aI., 1990) .
Experimental models for global cerebral ischemia have been burdened either by extensive difficulties in maintaining the animals alive for longer observa tions or by application of methods with limited con trol concerning the depth of ischemia and uncertain ties of successful resuscitation (Rossmann and Zim-mermann, 1974; Marshall et aI. , 1975; Safar et aI., 1976; Nemoto et aI. , 1977; Jackson and Dole, 1979) . A simple and efficient model for global cerebral ischemia was introduced by Korpatchev et ai. (1982) , which allows a compression of the main car diac blood vessels without thoracotomy, resulting in instantaneous cessation of effective cerebral cir culation. The operative mortality is relatively low, the resuscitated animals remaining physiologically stable and available for extended observations for indefinite periods of time. In view of these advan tages, this model was applied in current studies on pathophysiology of global cerebral ischemia, with particular attention to elucidation of early neuronal changes, that may provide insight into pathomech anisms involved in further development of ischemic injury.
MATERIALS AND METHODS
Global cerebral ischemia was produced in female Spra gue-Dawley rats, weighing 175-250 g, that were anesthe sized with 1.5% halothane in nitrous oxide/oxygen (2: I).
All procedures were performed at room temperature. A polyethylene catheter was inserted into the left femoral artery for monitoring blood pressure and for injection of sodium bicarbonate. The regional cerebral blood flow (rCBF) was measured in 25 animals with the C4Cliodoan tipyrine autoradiographic technique (Sakurada et aI., Jay et aI., 1988) and cortical flow was monitored in 6 animals using continuous laser Doppler flowmetry. Electrocardiogram (ECG) and electroencephalogram (EEG) were monitored in 10 rats. Arterial blood gases and rectal and temporal muscle temperatures were mea sured in five animals.
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Global ischemia was induced according to the method described originally by Korpatchev et al. (1982) . The rat under anesthesia was placed in a supine position and the four extremities were loosely fastened to the table with tape. After midline skin incision in the chest, the occlud ing device, consisting of a I mm diameter wire with I cm of its distal end bent at 90°, was inserted into the medi astinum at the level of the second intercostal segment. The device was then gently manipulated, moving its distal end along the dorsal wall of the thorax. Following this, the distal end was twisted 45° to be positioned under the bundle of major cardiac blood vessels ( Fig. I) . A com plete interruption of the circulation, due to compression of major cardiac vessels, was accomplished by lifting the occluding device and, at the same time, applying finger pressure from outside. After 2 to 3 min, compression was released but blood pressure (BP) failed to recover, con firming the cardiac arrest. At this time, the nasal catheter, connected to a rodent respirator (Model 680, Harvard Apparatus Company, Inc., Millis, MA, U.S.A.), was in serted. Resuscitation was started 5 to 6 min after applying compression, and included artificial ventilation with a tidal volume of 5 ml at 120 strokes/min and the cardiac massage effected by tapping the chest with a finger. Dur ing resuscitation, 0.2-0.4 ml of sodium bicarbonate (1 mEq/ml) and 0.2-0.4 ml of heparinized 0.9% saline (10 units/ml) were injected. Successful resuscitation was identified by an abrupt increase in blood pressure after the initial plateau at approximately 40 mm Hg and by onset of spontaneous respiration (Fig. 2 ). Following this, the artificial ventilation was gradually abandoned, usually within 30 min. Following full resuscitation, the catheters were removed and the animals were returned to cages where they had free access to food and water. In view of the suggested relationship between damage of the NRT and audiogenic seizures (Ross and Duhaime, 1989) , 10 animals subjected to global ischemia 24 h to 5 days earlier were tested for sensitivity to aUdiogenic stimulation by scratching the bars of the cage for 5-10 s.
The rCBF was measured at 5,30, and 120 min recircu lation periods (five animals in each group) with the tech nique described by Sakurada et al. (1978) . Briefly, [14Cliodoantipyrine (25-35 !-LCi in 0.4 ml of 0.9% saline) was infused intravenously for 45 s in a stepped manner, which achieved a relatively constant rate of increase in blood radioactivity. Blood samples were collected from an arterial catheter into pre weighed tubes. The time course of blood radioactivity was corrected for the lag in blood sampling and catheter smearing effects according to Jay et al. (1988) using parameters determined by other investigators with an identical sampling system (C. Kennedy, personal communication). The animals were decapitated at 45 s, and the brains were removed within 90 s and immediately immersed in 2-methylbutane chilled to -40°C. Frozen brain sections were cut at 20 iJ.m in a cryostat and exposed together with calibrated isotope standards on x-ray film (type OMCl, Eastman Kodak Co., Rochester, NY, U.S.A.) for 2 weeks. Brain radio activity was determined with a personal computer-based image processing system and CBF values were calcu lated. For easier identification of relevant morphological structures, the sections after x-ray film exposure were J Cereb Blood Flow Metab. Vol. 12, No.2, 1992 stained with cresyl violet, following autoradiography. Im ages without quantitation were obtained for five animals killed during early resuscitation because the low BP and consequently slow blood sampling precluded accurate correction (Jay et aI., 1988) . The CBF was also monitored in six animals by laser Doppler flowmetry (Laserflo Model BPM403A Blood Perfusion Monitor, TSI Inc., St. Paul, MN, U.S.A.) over the parietal cortex. Animals were positioned in the stereotaxic head holder and a 0.8 mm diameter probe was set through a trephine hole on the dura. Laser Doppler flow values were expressed as per cent of control. For light microscopic observations on neuronal changes, the animals were killed in groups of eight ani mals at 15 min, 1,3,6,24, and 48 h, and 4 and 7 days. The brains were fixed by transcardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate (pH 7.4), embed ded in paraffin, sectioned at 10 ..,.,m, and stained with the cresyl violet.
Demonstration of regionally enhanced uptake of cal cium was used as a marker for ischemic injury. Groups of rats consisting of six animals were injected with 250 ..,.,Ci of 45 Ca 6 h before killing at 6, 24, and 48 h intervals following cerebral ischemia. Autoradiograms were pre pared from 20 ..,.,m sections cut in the cryostat.
RESULTS

Physiological parameters
Compression of the heart vascular bundle was associated with an immediate drop of the BP to lev els close to zero. The initially vigorous heart pulsa tion, which could be felt by the compressing finger, slowed and became weak or imperceptible after 2-3 min. With commencement of resuscitation, the BP rose promptly and for a few minutes after com mencement of resuscitation remained at a plateau value of 30-40 mm Hg. All successfully resuscitated animals showed a second rise in BP, which reached its peak in 5 min, and was also associated with an increase in pulse pressure (Fig. 2 ). Approximately 10 min after the second rise, the BP returned to control levels. Spontaneous respiration returned usually during the second rise of BP. Following re suscitation, Pa02 and PaC02 remained almost within the normal range, while the blood pH still showed marked acidemia, in spite of sodium bicar bonate administration. After 30 min of recircula tion, the blood pH showed a small recovery, while Pa02 decreased and PaC02 increased, presumably due to deficient respiration. After 120 min of recir culation, these parameters returned to an almost normal range although Pa02 still remained rela tively lower (Table 1) .
The EEG became flat within 30 s (21. 0 ± 8. 2 s, mean ± SD) and recovered after approximately 30 min (28.9 ± 5.2 min) following the start of resusci tation. The corneal reflex was restored 2.55 ± 0.50 min after beginning resuscitation. Within 6 h, all animals were fully responsive to stimuli and motor function of forelimbs was re-established, while the hind limbs revealed motor weakness for up to 1 day. In testing for susceptibility to audiogenic stimuli, all 10 animals subjected previously to global ischemia reacted to the sound by developing seizures, while the test was negative in the control rats. rCBF measurements Table 2 shows rCBF values for various structures at 5, 30, and 120 min of recirculation. At 5 min of recirculation, the rCBF values generally indicated a reactive hyperemia (statistically significant in 17 of 21 structures), although one animal showed a con spicuous area of hypoperfusion involving primarily the hypothalamic region. Brains of rats after 30 min of recirculation revealed a delayed hypoperfusion (13 structures), which was still statistically signifi cant (5 structures) in brains at 120 min of recircula tion. Although in animals killed at 30 and 120 min of recirculation, the rCBF patterns were heteroge neous, showing both hyper-and hypoperfused ar eas, such heterogeneity seemed to be related to dis tinct neuroanatomical structures and not to features of angioarchitectonics. The autoradiograms from the animals killed shortly after commencement of resuscitation, at the time when the initial rise in BP reached a plateau level, revealed significant resto ration of the rCBF in the NRT whereas the cerebral cortex and other thalamic nuclei showed marked hypoperfusion. At 30 min of recirculation, the rCBF autoradiograms revealed in the location of the ven trolateral thalamic nuclei a relative hyperemia in comparison to other regions of the thalamus, and a similar relative hyperperfusion was evident in the dorsolateral caudate, a region especially susceptible to ischemia. Such areas of relative hyperemia were not clearly noticeable in animals killed at a 120 min interval. The Doppler flowmetry showed generally parallel changes in the systemic BP and the parietal rCBF in the early recirculation phase. Thus, rCBF dropped to levels close to zero immediately after the occlusion and rose abruptly together with the All values are expressed as means ± SD; n = 5.
a Respiratory change was also included (48.0 ± 5.7 without respiratory change). recovery of BP after the plateau. The ratio of flow value at the hyperemic peak to flow value before occlusion was 2.21 ± 0.41 (mean ± SD). The hype remic phase continued for 16.0 ± 1.5 min and then the rCBF showed a rapid transition to hypoperfu sion. The ratio of flow values at 30 min of recircu lation to flow values before occlusion was 0.40 ± 0.14.
Morphological observations
The rats killed 15 min after resuscitation revealed noticeable neuronal changes in various regions of the brain. The cerebral cortex showed the presence of scattered dark neurons, surrounded frequently by clear halos, located most commonly in the mid dle cortical layers. In the nucleus caudatus, a char acteristic finding was clear halos surrounding large neurons, which otherwise showed frequently either loss of Nissl substance or dark staining. The small cell variety in the caudate showed a noticeable loss of Nissl substance, whereas some of the neurons appeared to be dark and shrunken. In the hippo campus, the number of shrunken, darkly stained interneurons conspicuously exceeded that observed in control animals. The most pronounced changes were observed in the NRT, where many neurons showed striking peripheral halos, associated with condensation of the remaining cytoplasm around the nucleus (Fig. 3A) . Among the other thalamic nuclei, similar peripheral clearing of the neuronal cytoplasm was seen in the nucleus dorsalis medialis thalami (NDMT) (Fig. 3B) . Also, clear peripheral J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 halos within the neuronal cytoplasm were charac teristic for the nucleus centralis amygdalae (NCA) (Fig. 3C) . The globus pallidus revealed some neu rons that appeared to be swollen and contained clear spaces within the cytoplasm.
In rats killed after 1 h, cytoplasmic halos ap peared to be compartmentalized into discrete, clear, pearl-like vacuoles that occupied primarily peripheral cytoplasm of affected neurons. Periph eral vacuolization was very striking in the neurons of the NRT, where the vacuoles sometimes filled a major portion of the cytoplasm, distorting by com pression the cell nuclei, which otherwise appeared to be normal with prominent nucleoli (Fig. 4A ). Pe ripheral vacuolization of the cytoplasm was also present in the interneurons, particularly those in the CAl sector of the hippocampus (Fig. 4C ), in the NCA and NDMT (Fig. 4B) , and in large neurons of the caudate. Otherwise, the cerebral cortex, stria tum, and particularly pars reticulata of substantiae nigra (PRSN) revealed the presence of scattered, dark, pyknotic neurons, with accentuated staining of their processes.
In rats killed after 3 h, the previously observed characteristic cytoplasmic vacuoles had largely dis appeared. Only in a few instances were neurons containing vacuoles observed in the NRT and in the thalamus. Otherwise, the NRT showed numerous dark and shrunken neurons. Dark or pale neurons with increased staining of the processes were also seen in the thalamus.
In rats killed after 6 h, there was an impression of cell loss, particularly concerning the NRT neurons and in the middle layers of the cerebral cortex. In the NRT, an increasing number of neurons ap peared to be spindle shaped, dark, pyknotic, or pale. Otherwise, a characteristic feature at this time interval was an increased visualization of the apical dendrites of the CAl pyramidal cells and of apical dendrites of cortical neurons (Figs. 5 and 6). A homogeneous increased staining of predomi nantly apical dendrites was conspicuous in pyrami-dal cells of cerebral cortex and the CAl sector of the hippocampus also in the rats killed after 24 h. At this time interval, the NRT neurons appeared to be reduced in number, the remaining ones appearing to be frequently dark or pale, shrunken, and spindle shaped. In a few instances, the neuropil in the NRT showed scattered small granules, intensely stained with cresyl violet and usually associated with reac tive microglia cells. Neuronal cell loss was sug- gested also among the small neurons in the stria tum, the large variety appearing to be relatively well preserved. The neurons of the NCA showed a nor mal appearance, although there was a suggestion of some reduction in number. Neurons of the PRSN continued to appear dark or pale with twisted neu ronal processes.
In rats killed after 48 h, a conspicuous finding was the presence of occasional markedly enlarged nu- cleoli in several regions of ischemic neuronal injury. In the cerebral cortex, enlarged nucleoli were found most frequently within the third layer in pyramidal neurons showing darker than normal cytoplasm and nuclei ( Fig. 7 A) . In the thalamus, the neurons fre quently showed a diffuse loss of Nissl substance, or hyperchromasia, with the nuclei displaying promi nent, enlarged nucleoli (Fig. 7B) . Marked neuronal damage was present in the NRT, where some of the neurons, although displaying prominent nucleoli, showed a complete loss of Nissl substance and ap peared to be spindle shaped and shrunken. There was also a conspicuous microglial activity, fre quently associated with dark pigment granules in the neuropil. The number of neurons, particularly in the middle regions of the NRT, was noticeably re duced. In the caudate, the small cell variety usually showed a chromatolysis and accentuated staining of neuronal processes. Neurons of the large cell vari ety showed some loss of Nissl substance, but oth erwise were rather well preserved.
Animals killed after 4 days revealed similar or more progressed changes in the cortex, striatum, and thalamus that were associated with loss of Nissl substance or dark staining of cytoplasm and nuclei, usually containing large nucleoli. Even pale neu rons frequently showed increased visualization of their processes. The NRT revealed further loss of neurons, mostly in the middle portions, associated with a marked microglial reaction. The CA 1 pyra midal neurons were predominantly pyknotic and darkly stained, including their apical dendrites.
Rats killed after 7 days revealed a marked injury of the CA 1 pyramidal neurons associated with a striking microglial reaction, particularly in the stra tum radiatum, whereas the astrocytic reaction in the CAl was expressed most strongly in the stratum lacunosum moleculare. In the thalamus, there were many neurons showing loss of Nissl substance or dark staining and occasionally containing large nu cleoli. The NRT neurons were markedly reduced in number. The neuropil in these areas revealed the presence of brownish granular pigment frequently associated with reactive microglia. The NCA showed pale but well-preserved neurons. The PRSN neurons were mostly dark, twisted, or de void of Nissl substance.
4S Ca observations
The first sign of abnormal 45 Ca accumulation was recognizable in rats killed after 6 h and was ex pressed as a band of dense radioactivity anatomi cally corresponding in location to the NRT. At 24 h, an abnormal 45 Ca uptake of moderate density was recognizable in the ventral thalamic nuclei, in addi tion to sharply outlined, very dense radioactivity in the NRT (Fig. 8) . After 48 h, besides dense radio activity in the NRT and ventral thalamus, there was also noticeable abnormal 45 Ca uptake in the CAl sector of the hippocampus.
DISCUSSION
The main findings from our study on global isch emia refer to demonstration of very early changes observed in neurons of predominantly GABAergic nature.
As neuronal activity is regulated by excitatory and inhibitory systems, an excessive neuroexcita tion leading to neuronal damage may be either due to an increase in activity of excitatory pathways, or due to a damage to the inhibitory neuronal systems, Dense 45Ca radioactivity sharply outlin es the nucleus reticularis thalami. Less in tense radioactivity is seen in the adjacen t ventral thalamic nuclei.
or it may result from involvement of both. Indeed, the latter possibility was demonstrated in studies (Sloviter, 1987) in which an electrical stimulation of the main excitatory pathway to the hippocampus was associated with damage to the inhibitory inter neurons. Glutamate neurotoxicity, associated with intraneuronal influx of calcium, has been demon strated in vitro (Rothman, 1984; Choi, 1985) , and marked increases in extracellular concentrations of glutamate and aspartate during and after cerebral ischemia was evidenced by microdialysis (Ben veniste et aI., 1984) . Furthermore, a relationship of neuronal damage to glutamate release and intracel lular calcium influx was indicated in experiments in which elimination of glutamatergic input resulted in prevention of CAl pyramidal cell damage and intra cellular influx of calcium (Wieloch et aI., 1985; J 0hansen et aI., 1987a) . Ischemic damage due to ab olition or reduction in inhibition has been a contro versial subject. Prolonged survival of GABAergic neurons and boutons was demonstrated by Nitsch et al. (1989) , and the resistance of hippocampal in terneurons has been mentioned in several publica tions (Johansen et aI. , 1987b; Sloviter, 1987; Schlander, 1988) . Conversely, the vulnerability of GABAergic neurons has been described in other regions in the studies of Wieloch (1985) , Smith et aI. (1984) , Blomqvist and Wieloch (1985) , and Ross and Duhaime (1989) , with reference primarily to the NRT. In all of these studies, the signs of injury to GABAergic neurons were noticeable usually after several days and coincided with injury to other, non-GABAergic neurons. Concerning other neuro transmitters, involvement of dopaminergic system in cerebral ischemia is suggested by observations of Globus et al. (1987) , showing that unilateral lesion-ing of the substantia nigra results in attenuation of striatal neuronal damage that could be explained by glutamatergic stimulation, transferred from isch emically affected striatal neurons to the substantia nigra, inducing an abnormal dopamine release, which conversely may potentiate further gluta matergic neuronal injury in striatum.
In the present study, striking neuronal changes, affecting predominantly GABAergic neurons in var ious regions, were demonstrable within 15 min fol lowing resuscitation after global ischemia. The changes appeared to be associated with a marked accumulation of water in the peripheral neuronal cytoplasm and were most pronounced in the NRT, but were also conspicuous in the NCA, NDMT, PRSN, and the interneurons of the hippocampus. The described hydrophilic changes in most of the regions showed after 3 h a tendency toward neuro nal recovery, with the exception of the NRT and PRSN, where the signs of ischemic injury either progressed or remained unchanged, respectively. This generally implies that GABAergic neurons, al though sensitive and promptly reacting to injury, may nevertheless be more resistant to irreversible demise and this would be in agreement with obser vations of Nitsch et al. (1989) , which demonstrated good preservation of interneurons 28 days after forebrain ischemia in the gerbil. On the other hand, it can be assumed that a period of GABA secretory dysfunction, even of less than a 3 h duration, may be associated with loss of inhibitory function lead ing to hyperexcitation and excitotoxic injury in ar eas receiving their inputs. In the present observa tions on global ischemia, as well in studies of Blomqvist and Wieloch (1985) and Ross and Du haime (1989) , the region most sensitive to ischemic injury proved to be the NRT. This nucleus, entirely composed of the GABAergic neurons, represents a main relay station between the cerebral cortex and the thalamus, and the decrease in GABAergic in hibitory function of the NR T could be expected to have an excitatory effect on the latter structure.
A relationship between the NRT degeneration and seizure susceptibility to sensory stimulation was suggested in observations of Ross and Duhaime (1989) , and a tendency for hyperexcitability on han dling was noted in rats showing NRT damage . In the present study, patterns of early increase in blood flow ob served in the NRT shortly after resuscitation, and in the ventrolateral thalamus and dorsolateral caudate 30 min after global ischemia, could possibly relate to a state of hyperexcitability in those regions, whereas behavioral evidence of hyperexcitability was evident also from development of audiogenic seizures in rats subjected 1-5 days previously to the global ischemia.
A characteristic feature of excitotoxic damage is expected to be the involvement of regions intercon nected by transmitter circuitry. Thus, injuries to the dorsolateral caudate or NR T could be expected to affect substantia nigra and ventral thalamic nuclei, respectively. Our observations appear to support such interrelationships, as both the PRSN and ven tral thalamic nuclei revealed signs of neuronal in jury, expressed in dark or pale staining of neuronal cytoplasm and an increased visualization of neuro nal processes in cresyl violet staining. The latter was especially conspicuous with regard to apical dendrites of cortical neurons and pyramidal neu rons of the CA 1 sector, which was first described as a very early ischemic change after carotid occlu sions in gerbil (Ito et aI. , 1975) . A special sensitivity of dendrites to excitotoxic injury has been recog nized and has been shown to be associated with cytosolic accumulation of calcium, which was dem onstrated ultrastructurally with an oxalate pyroantimonate method in various conditions, in cluding the present model (Ikeda et aI., 1990; Na gashima et aI. , 1990) .
Among neuronal changes observed in our cresyl violet-stained sections, the most common were hy perchromasia, chromatolysis, and accentuated stainability of neuronal processes. Concerning hy perchromasia, the interpretation of "dark" neurons has been in the past a controversial subject. The occurrence of dark neurons was extensively studied by Cammermeyer (1973 Cammermeyer ( ,1978 , who considered them to be mostly caused by inadequate fixation of the tissue. Nevertheless, there is overwhelming ev idence that in properly fixed and handled brain tis-sue, the appearance of dark neurons relates directly to ischemic injury. Following ischemia, the dark neurons were frequently observed to be surrounded by clear spaces, identified as distended astrocytic processes, and it has been considered that these swollen processes cause by compression a conden sation of neuronal cytoplasm. The dark neuronal staining, associated with some shrinkage and eosinophilia, has been frequently termed "ischemic cell change" and has been considered as a most common form of irreversible, postischemic injury. It is our contention, however, that neuronal hyper chromasia, observed in our study, does not invari ably signify irreversible neuronal injury or death.
According to the work of Hyden (1943) , both hy perchromasia and chromatolysis reflect changes in the state of cytoplasmic proteins, the formation of which is regulated by the "nucleolar apparatus" in which the nucleolus, chromocenter, and the nuclear membrane play the essential roles. Although these studies employed primarily quantitative ultraviolet absorption assays on nucleotides and basic pro teins, the relevant information regarding the protein biosynthetic machinery involving the "nucleolar apparatus" and cytoplasm could be obtained from brain sections stained with cresyl violet, which dis tinctly visualizes the nucleus, nucleolus, nuclear membrane, as well as cytoplasmic ribosomes com prising the Nissl bodies. Using his collection of hu man brains stained with cresyl violet, Vogt and his associates contributed numerous studies concern ing neuronal changes associated with stimulation or inhibition of protein formation in various patholog ical conditions Vogt, 1946,1947; Klatzo, 1954) . Both Hyden's and Yogi's observations clearly indicated that a stimulated protein synthe sis, such as occurs in embryonal life, or following electrical irritation or axonal excision, is associated with enlargement of the nucleolus, darkening of the nucleus, and regeneration of Nissl substance, be ginning at the nuclear membrane. On the other hand, neuronal "exhaustion," such as induced by prolonged electrical irritation or strenuous physical exercise and following axonal excision, is charac terized primarily by a decrease in size of the nucle olus and loss of Nissl bodies, which correlates with reductions in RNA and basic protein contents, as sayed spectrographically. The present observations revealed a distinct enlargement of nucleoli 48 h after global ischemia, which was noticeable mostly in some neurons of the middle layers of the cerebral cortex and in the thalamus. These were frequently recognizable in the cells that were characterized by dark staining of nuclei and cytoplasm (Figs. 6 and 7 A and B). A reversible hyperchromasia affecting the Purkinje cells following global ischemia was re cently reported by Kirino et al. (1991) .
In general, our studies are in conformity with the suggestion that early changes, although potentially reversible, may set in motion a chain of events that may terminate in neuronal death or recovery, ac cording to the intensity of the ischemic injury. The indication of very early involvement of GABAergic neurons in global ischemia may suggest a strategy of ameliorating ischemic damage by modifying pharmacologically the reactivity of this system.
